WHAT'S KNOWN ON THIS SUBJECT: Among middle-aged adults, genotype scores predict incident type 2 diabetes but do not improve prediction models based on clinical risk factors including family history and BMI. These clinical factors are more dynamic in adolescence, however.
Type 2 diabetes (T2D) is a tremendous source of morbidity, mortality, and health care expenditure. 1 As obesity, a major risk factor for T2D, has risen in prevalence across all ages, so has the prevalence of T2D. Because lifestyle modification can delay or prevent the onset of T2D, 2-4 the identification of high-risk individuals earlier in the life course might help target prevention efforts. Adolescence may be a key time for such identification, as young people individuate and develop lifelong habits.
Because one' s genetic composition does not change over the life course, genotype information may allow risk prediction in younger age groups. To date, genome-wide association studies based largely on adult data have identified at least 38 independent loci where single-nucleotide polymorphisms (SNPs) are associated with T2D. [5] [6] [7] [8] [9] [10] [11] Genotype scores using these variants predict incident T2D among middleaged adults. However, the incorporation of genotype scores into clinical prediction models does not meaningfully improve prediction, [12] [13] [14] with the exception, perhaps, of young middle age and over a longer follow-up period. 13, 15 We hypothesized that a 38-SNP genotype score in adolescence predicts incident T2D in adulthood and that this genotype information, unlike in older adults, improves the prediction of T2D in comparison with clinical prediction models based on factors assessed in youth. Because of the great inherent variability present in adolescence in clinical risk factors such as BMI, blood pressure, and lipids, the static nature of a genotype score may be particularly useful in this age group.
METHODS

Study Design
The Bogalusa Heart Study is a cohort study of a biracial population in Bogalusa, Louisiana. 16, 17 Children aged 4 to 18 years between 1973 and 1994 underwent cross-sectional surveys and examinations every 2 to 3 years up to 2010, enabling longitudinal analyses. 17 We limited the present analyses to participants with at least 1 examination during adolescence (ages 12-18 years), at least 1 adult follow-up examination (ages 19-51 years), and data available for all baseline predictors, including genotype data. We included unrelated participants, as determined by self-report and genetic analyses. Participants reporting exclusive treatment with insulin were considered to have type 1 diabetes and were excluded. We also excluded participants with diabetes at the baseline examination. Informed consent was obtained from all participants or a parent/guardian, as appropriate. The participating institutions' institutional review boards approved this study.
Incident T2D
Incident T2D was defined according to the World Health Organization definition 18 as a fasting plasma glucose $126 mg/dL ($7.0 mmol/L) or report of receiving oral hypoglycemic agents with or without insulin. Women reporting diagnosis or treatment of diabetes only during pregnancy were considered to have gestational diabetes and were not classified as having T2D.
Clinical Predictors
We chose clinical predictors (demographics, family history of diabetes, physical examination components, and biomarkers of cardiometabolic risk) based on their routine clinical use and their previously demonstrated association with incident T2D among children and adults. [19] [20] [21] [22] Demographics and Family History Participant age was calculated at each study examination date. Gender and race (white or black) were selfreported, and gender was confirmed with genetic data. Participants were characterized as having a parental history of diabetes if 1 or both biological parents self-reported having diabetes; the parental history questionnaire did not specify diabetes type.
Physical Examination
Weight, height, and systolic and diastolic blood pressures were measured with standard protocols. 16 BMI was calculated as weight in kilograms divided by height in meters squared. Ageand gender-standardized BMI z scores were derived from the Centers for Disease Control and Prevention growth reference year 2000. 23 Overweight was defined as a BMI z score of at least the 85th percentile for age and gender. Mean arterial pressure was calculated as 1/3(systolic blood pressure) 1 2/3 (diastolic blood pressure).
Biomarkers of Cardiometabolic Risk
Three biomarkers of cardiometabolic risk were used in prediction models: glucose, high-densitylipoprotein (HDL)cholesterol, and triglyceride levels. Fasting blood samples used for these assays were measured as described previously. 24 Genotyping DNA was extracted from banked blood samples in the Bogalusa archive and was available for genotyping from 1202 Bogalusa participants from the 2001-2002 examinations as described previously. 25 Genotyping was performed with the Illumina Human610 Genotyping BeadChip and Human CVD BeadChip with .99.99% concordance on duplicate samples. SNP imputation was performed by using MACH v.1.0.16 (http://www.sph.umich. edu/csg/yli/mach/) 7 with HapMap CEU and YRI (phase II, release 22) as the reference populations. Genotyping quality control and SNP filtering in Bogalusa data have been discussed previously, 25 and no SNP of interest violated Hardy-Weinberg equilibrium at a P value ,1310 26 .
Genotype Score
We based our genotype score on a published score consisting of 40 SNPs associated with T2D in adults. 15 Of the 40 SNPs used in this score, we had genotyped or imputed data for 38 of the SNPs in both whites and blacks (not rs4457053 near ZBED3 or rs11634397 near ZFAND6) (see Supplemental Table 4). In general, the effect direction of individual SNPs was similar in Bogalusa compared with the published effect direction, despite that we had low power to show significant associations for individual SNPs. Similar to previous reports, 13, 14, 26 we calculated a score as the unweighted sum of the number of risk alleles (0, 1, or 2) at each of the 38 SNPs. Instead of weighting the risk alleles by their effect sizes from genome-wide association studies in predominantly European ancestral groups, we used an unweighted score because of the biracial composition of the Bogalusa cohort and the lack of published SNP effect size estimates in populations of African ancestry. No genotyped participants had missing data for .3 SNPs. The 83 participants with missing data at #3 SNPs were given a score of 1 for each missing value, equivalent to being heterozygous (the most common genotype) at that locus.
Statistical Analyses
We used Cox regression to build nested prediction models for time to incident T2D. For each eligible participant, we identified the baseline adolescent examination for the present analyses as the first study examination occurring between 12 and 18 years of age. Time-toevent was calculated from the date of this baseline adolescent examination to the date of the first follow-up examination meeting our criteria for incident T2D or to the date of the last examination for each censored participant. Models sequentially included (1) demographics (age, gender, and race), (2) parental history of diabetes, (3) physical examination (BMI z score and mean arterial pressure), and (4) routine laboratory predictors (fasting glucose, HDL cholesterol, and triglycerides), all as assessed at the baseline adolescent examination. Triglyceride and HDL cholesterol levels were logtransformed to improved model fit. In separate analyses, we also calculated a within-sample z score for each continuous variable (age, BMI z score, mean arterial pressure, fasting glucose, logtransformed HDL cholesterol and triglycerides, and the genotype risk score) to use in determining standardized hazard ratios, each corresponding to the risk associated with a 1-SD increase in that variable. In ancillary analyses, models included the first axis of African ancestry (based on the HapMap YRI population, phase II, release 22) obtained from the Local Ancestry in adMixed Populations method 27 as a continuous variable in place of dichotomized race. Because the results were unchanged, here, we report only results with reported race. Inclusion of a timedependent interaction term with each variable in the full prediction model confirmed the validity of the proportional hazards assumption.
At each stage of model building (1 through 4 above), model improvement was assessed after the addition of the 38-SNP genotype score. We assessed model calibration with a HosmerLemeshow x 2 statistic comparing observed and expected event counts in deciles of event probability. 28 The fit of nested models was compared with likelihood ratio tests. To assess model performance, we calculated C statistics and continuous net reclassification improvement indices (NRIs) for survival data and their 95% confidence intervals (CIs) by using the methods described by Pencina et al. 29, 30 When discrete risk categories are used, a category-based NRI compares 2 prediction models by summing the difference in proportion of cases correctly placed in a higher category minus the proportion of cases incorrectly placed in a lower category and the difference in the proportion of noncases correctly placed in a lower category minus the proportion of noncases incorrectly placed in a higher category. 12, 15 The continuous NRI does not require such categories and relies, rather, on the proportions of cases correctly assigned a higher model probability and noncases correctly assigned a lower model probability. 30 Continuous NRI values of 0.2 correspond to a low predictive effect of a variable added to a model, whereas values of 0.4 correspond to an intermediate effect. 31 Hosmer-Lemeshow statistics, C statistics, and NRI were calculated at 30 years of follow-up. We estimated 95% CIs around C statistics and NRI by using 999 bootstrap replications. 30, 32 In secondary analyses, age-, gender-, and race-adjusted models included interaction terms between genotype score and gender, race, parental history of diabetes, and overweight (BMI $85th percentile for age and gender). All analyses were performed with SAS v. 9.3 software (SAS Institute Inc, Cary, NC).
RESULTS
Baseline Participant Characteristics
The mean (6 SD) age of the 1030 eligible adolescents was 14.4 6 1.6 years (range, 12.0-18.5 years) ( 
Incident T2D
Participants were followed to a mean age of 41.4 6 5.5 years. During a mean 26.9 6 5.0 years of observation (range, 9.0-33.8 years), 90 participants (8.7%) developed incident T2D. Study detection of incident T2D occurred at a mean age of 40.5 6 5.2 years. Over the total 27 526 person-years in the cohort, the incidence of T2D was 3.3 cases/1000 person-years.
Predictive Value of Genotype Risk Score
In a model adjusted for age, gender, and race, the 38-variant genotype score was significantly associated with time to incident T2D (hazard ratio per 1-allele increase 1.09, 95% CI 1.03-1.15; P , .001) ( Table 2 ). Figure 1 demonstrates the different cumulative incidence of T2D (log rank P , .001) by tertile of genotype risk. After adjustment for age and gender, each 1-SD increase in the standardized BMI z score, glucose, and genotype score had a hazard ratio of 2.15 (95% CI 1.70-2.73), 1.20 (95% CI 0.97-1.49), and 1.49 (95% CI 1.20-1.85), respectively. Table 3 shows the results of the nested models with the use of unstandardized variables. Genotype score remained significantly associated with time to incident T2D in all 4 models. In the fully adjusted model, genotype risk score, parental history of diabetes, BMI z score, and logtransformed HDL cholesterol were all independent significant predictors. We observed no interaction between genotype risk score and gender, race, overweight, or parental history of diabetes in age-and gender-adjusted models (P . .05 for all interaction terms).
Comparison of Models With and Without Genotype Score
As assessed by likelihood ratio tests, the fit of each of the 4 nested models was improved by the addition of the genotype score (all P , .05). When added to the basic demographic model (model 1), genotype score had a moderate effect on reclassification (continuous NRI 0.408) and improved model performance (C statistics 0.562 without and 0.613 with genotype score). Genotype score did improve the performance of a prediction model including only demographics and parental history of diabetes (C statistics 0.637 and 0.674 for model 2 without and with genotype score, respectively). However, it did not improve more complex models that added physical examination and laboratory measures (C statistics 0.756 and 0.760 for model 4 without and with genotype risk score, respectively). Genotype score had a relatively weak effect on reclassification in the full clinical model (continuous NRI 0.261 for model 4).
DISCUSSION
The present analyses demonstrate that a genotype score predicts incident T2D in a biracial population of adolescents followed on average 26 years into adulthood. The majority of the 38 variants included in the genotype score were identified in cohort studies of adult participants of European descent. Our results suggest that such genotype information can also predict T2D in a younger and more ancestrally diverse population than those in the discovery studies. The genotype score remained a significant predictor of incident T2D in models adjusted for clinical risk predictors in adolescence but did not improve model performance. This suggests that common SNP genotype information available today, when measured in adolescence, is unlikely to improve the detection of risk for adult T2D.
Several large prospective studies have developed clinical prediction models for incident T2D in black and white adults. 21, 26, 33, 34 In general, these models include age, gender, race, family history, adiposity, blood pressure, and blood glucose and lipids levels. Because few prospective studies in children have sufficient follow-up to have accrued an adequate number of cases of T2D, risk prediction models from this age are less well developed but contain similar risk factors. 19, 22, 24 Guided by these models, we built prediction models by sequentially layering components of the routine clinical encounter: basic demographics, family history, examination, and laboratory analyses. The addition of a genotype score did not improve the model discrimination for T2D from adolescence, compared with a prediction model based on these predictors. Similar analyses in adults have shown that the addition of genotype information to T2D prediction models generally does not yield a significant categorical NRI. 12, 15, 35 The strengths of the present analyses include the use of a large prospective study from adolescence with excellent clinical measures and sufficient accrual of cases of T2D over a long followup period. The inclusion of a large number of black participants improves the generalizability of the analysis to diverse populations. Although most of the variants comprising our genotype score were discovered in populations of European ancestry, recent work has demonstrated an association between such scores and T2D in black adult populations. 36, 37 However, the majority of these variants are in noncoding regions of the genome and likely are proxies in linkage disequilibrium with the true causal variants. The discovery of these causal variants through targeted sequencing may strengthen the predictive value of updated genotype scores in diverse ancestral groups.
The present analysis has a few limitations. First, some participants classified as noncases in these analyses probably went on to develop T2D after the observation period and were thus misclassified as without diabetes in the current study. It is possible that a study with follow-up .30 years would detect a stronger association between genotype score and incident T2D, as a greater number of cases accrued as the study population aged. 13 Our diagnostic criteria for T2D may have also misclassified individuals with latent autoimmune diabetes or on oral diabetes medications for a reason other than T2D. That a genotype score consisting of known T2D loci significantly predicted diabetes in this cohort suggests that such misclassification was minimized. Second, censoring from nonrandom loss to follow-up may have resulted in a bias if loss to follow-up was also associated with genotype risk score, which seems unlikely. There is the additional possibility of bias because genotype data were only available on a subset of all Bogalusa participants, but no evidence for such bias has been identified in the context of incident T2D. 25 Third, we were not able to determine the diabetes type for participants reporting a parental history of diabetes. Despite this potential misclassification, we observed a strong effect size of parental history of diabetes in our models that is consistent with previous reports for T2D. 21, 38 The relatively small decrease in the effect size of parental history after the addition of genotype score to the model is consistent with the low percentage of T2D heritability explained by currently identified SNPs. 39 Our findings in adolescence suggest that genotype scores based on known common variants might predict adult T2D among younger children, perhaps even when tested at birth. However, despite the variability and change in clinical risk factors from childhood through adolescence, it seems unlikely that genotype information at even younger ages would outperform routine clinical information. Thus, the utility of using common variant genotype scores in early life to screen for T2D risk much later in life is questionable. Some have suggested that parents may be interested in having their children tested for genetic susceptibility for such conditions. 40, 41 However, several professional societies agree that timely medical benefit is the main justification for testing of minors for adult-onset diseases. [42] [43] [44] [45] [46] [47] Several large studies have demonstrated that T2D is preventable through lifestyle modification among
FIGURE 1
Cumulative incidence of T2D from adolescence by tertile of genotype score in the Bogalusa Heart Study.
ARTICLE high-risk adults. [2] [3] [4] Such data in children and adolescents are lacking. [48] [49] [50] [51] In addition, whether children would be motivated to change behaviors based on their genotype risk score is unknown, as are the ramifications of genotype testing for a child' s selfconcept and for parent-child interactions. The benefits of testing would need to outweigh these and other potential sequelae for genotype screening to have clinical utility. Future research is needed to understand whether the knowledge of genotypic susceptibility for T2D would lead to the adoption of improved health-related behaviors and, if so, at which ages such risk information is effective. Moreover, unintended consequences of genotype screening in childhood need further exploration. As the state of the science moves forward and the allele spectrum of diabetes-causing variants is pushed to rare and rarer variants presumably of greater individual effect, genotype scores may be developed that do lead to improved predictive ability and, therefore, suggest clinical utility.
CONCLUSIONS
We have demonstrated that a T2D genotype score predicts incident adult T2D from adolescence and that this prediction persists after inclusion of common clinical risk factors. However, the inclusion of this genotype score does not improve the performance of the full clinical prediction model. The ability to distinguish those at highest risk for T2D early in life would increase both the efficiency and efficacy of prevention efforts, but at this time, common variant genotype information in adolescence does not provide such distinguishing information and currently is not recommended as a primary care tool for screening for T2D risk in youth.
